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Nickel cobalt sulfide (Ni-Co-S) was grown on 3D conductive Ni foam (NF) using binder-free electrochemical
deposition to serve as a positive electrode (NCS@NF) for electrochemical energy storage application. Multiple
cycles of reverse pulse potentiostatic electrochemical deposition (RPP-ED) were systematically applied to study
their influence on the physico-chemical properties of NCS@NF. During the 300 optimized RPP-ED cycles uniform
mesoporous interconnected nanoflakes of Ni-Co-S were formed on NF. The NCS@NF electrode demonstrated
remarkable electrochemical storage performance, achieving a maximum areal capacity of 0.590 C cm ™2 (590 C
g1 in 2 M KOH electrolyte. This remarkable property of NCS@NF can be associated with the improved ionic
diffusion at the interconnected nanoflake structure and improved redox transitions at the active sites of nano-
flakes. Moreover, the addition of K4(CN)g as a redox additive improved the areal capacity of NCS@NF to 2.56 C
em~2 (2560 C g~1). Furthermore, an aqueous hybrid supercapacitor was assembled by integrating activated
carbon on NF as the negative electrode, while employing NCS@NF as the positive electrode. The aqueous hybrid
supercapacitor exhibited an enhanced charge-discharge potential of 1.5 V and demonstrated remarkable sta-
bility, maintaining 89% of its performance over 10,000 cycles. Notably, it achieved maximum energy and power
densities, 33 pWh cm ™2 and 6019 pW cm ™2, respectively. These results establish its suitability for hybrid
supercapacitor applications.

1. Introduction

The increased demand for portable electronics, hybrid-electric
transportation vehicles, and energy-harvesting technologies toward
sun and wind has emphasized the need for effective energy storage
systems [1,2]. Thus, supercapacitor (SC) has received widespread
attention as a promising energy storage system because of their high
power density and long operational lifespan compared with battery.
However, the high manufacturing cost and low energy density limit its
commercial applications [2]. Various materials have been explored for
SC applications. Among these, carbon-based materials, which exhibit
surface-dominant electrochemical double-layer storage, have low elec-
tric charge storage. Transition metal oxides and hydroxides have poor
conductivity, thereby reducing their charge storage efficiency. In
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addition, conducting polymers are prone to instability, which hinders
their commercial use. The development of advanced electrode materials
for SC application could be a solution to these problems [3]. Among
different materials, nanoscale transition metal sulfides (TMS) such as
NiCo2S4, CoNipS4, and Ni-Co-S have been highly regarded as advanced
electrode materials for hybrid SC application because of their remark-
able redox activity and good conductivity [4-8]. Different studies have
reported the synthesis of TMS for SC electrode using a hydrothermal
method [9,10], chemical bath deposition [7], co-precipitation [11],
electrochemical deposition [4,12], and a solvothermal method [13].
Among these methods, a binder-free electrodeposition method can
produce highly uniform and porous active material surfaces for SC
electrodes, which can promote electrochemical activity and show
enhanced charge storage capacity during the electrochemical reaction
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[4,5,12,14,15]. Moreover, the crystallinity, thickness, and morphology
of the electro-synthesized material can be easily controlled by various
electrodeposition parameters [15,16].

The reverse pulse potentiostatic electrochemical deposition (RPP-
ED) is a simple, time-saving technique that have been used for producing
highly pure materials for various applications in electrochemistry. By
adjusting the deposition conditions, this method may regulate the grain
size of nanostructures and hardness of the produced material [17]. In
RPP-ED, short pulses of reverse potentials are applied to the conducting
surface, resulting in successive oxidative and reductive reactions. This
technique can prevent the underpotential deposition of unwanted ma-
terials, and short pulse prevents the bulk growth of the materials [18].
Previous studies have used RPP-ED for the synthesis of active materials
for different applications, such as hydrogen evolution reaction
(HER)/oxygen evolution reaction (OER)[19], dye-sensitized solar cells
[20], and SCs [20,21]. Kim et al. prepared NiP material on a Cu foil for
HER and OER applications [19]. Krishnan et al. prepared dendritic
nanostructures of NiCosS4 on FTO for efficient counter electrodes for
dye-sensitized solar cells. In particular, Chou et al. prepared Ni3Sy
nanoflakes on Ni foam (NF), which showed 179.5 mAh g’1 [20].
Dhaiveegan et al. prepared Ni3S, on a flexible carbon fiber cloth, which
showed 600 F g~! [21]. Chou et al. prepared a Ni,Cop,S nanosheet on NF,
which showed 1.75 F cm ™2 at 5 mV s~ [5]. Ni-Co-S-based active ma-
terials can be further developed by RPP-ED, which could facilitate stable
redox reactions on the material surface. Furthermore, many researchers
have attempted to generate redox reactions within the electrolyte to
boost the overall performance of SCs. In achieving this, redox additives
such as K4[Fe(CN)g] have been added to the electrolytes [22,23]. Redox
transitions on the active material are limited; thus, the addition of
redox-active additives can enhance the overall performance of SC [23].

Here, mesoporous interconnected nanoflakes of Ni-Co-S were grown
on Ni foam (NCS@NF) as a positive electrode for hybrid SC application
using simple RPP-ED. The NCS@NF electrode was prepared for a vary-
ing number of pulse cycles, and the highest electrochemical perfor-
mance was obtained for 300 pulse cycles. Furthermore, the charge
storage performance of the electrode was improved by adding redox
additives such as K4[Fe(CN)g]. The useful and practical aspects of the
NCS@NF electrode were explored by assembling aqueous hybrid SC.

2. Materials and methods
2.1. Material preparation for NCS@NF

In preparing the NCS@NF electrode, NF was used as 3D porous
framework substrate for growing Ni-Co-S nanostructures. Prior to syn-
thesis, NF was successively cleaned by ultrasonication in diluted HCL,
ethanol, and deionized (DI) water. The electrolyte was prepared using 5
mM Ni(NO3)3, 10 mM Co(NO3),, and 0.1 M thiourea in DI water at room
temperature. The 1200 Premium workstation (WizMAC, Republic of
Korea) was used for RPP-ED in three-electrode mode, where the cleaned
NF, platinum plate, and saturated calomel electrode (SCE) served as the
working electrode, counter electrode, and reference electrode, respec-
tively. The RPP-ED synthesis of Ni-Co-S was conducted by applying
continuous cycles of potentiostatic pulse to NF, with an anodic bias of
0.6 V for 4 s and a cathodic bias of — 1.7 V for 2 s. Different NCS@NF
electrodes were prepared for 100, 200, 300, and 400 RPP-ED cycles,
labeled as A1, A2, A3, and A4, respectively. Mass loading for A1, A2, A3,
and A4 was measured as ~0.8, 0.9, 1.0, and 1.1 mg cm’z, respectively.
After preparation, all electrodes were tested for their physical and
electrochemical properties.

2.2. Assembling aqueous hybrid SC device
The negative electrode for aqueous hybrid SC was prepared using an

appropriate amount of activated carbon as an active material, which was
drop-casted onto the NF (AC@NF) [24]. The prepared A3 was used as
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positive electrode. Both electrodes were dipped into an electrolyte so-
lution containing 2 M KOH and 0.1 M K4[Fe(CN)¢] to form an aqueous
hybrid SC device assembly, which was then tested for their electro-
chemical properties.

2.3. Material characterization

The surface morphology and microstructure of Al, A2, A3, and A4
were investigated by field-emission scanning electron microscopy (FE-
SEM; HITACHI SU8230 [Japan]). X-ray diffraction (XRD) spectra car-
ried out using a Panalytical X-ray diffractometer (EMPYREAN, UK) with
Cu K, radiation of A = 1.54 A. A Raman spectrometer (Renishaw
inViareflex spectrometer, Gloucestershire, UK) was used for Raman ex-
periments. Elemental distribution in the samples was analyzed using
energy-dispersive spectroscopy (EDS; Oxford Ultim Max100, UK) and X-
ray photoelectron spectroscopy (XPS; ThermoFisher-NEXSA, USA).

2.4. Electrochemical measurement

The electrochemical properties of A1, A2, A3, and A4 were tested in
half-cell configuration using the WizEIS 1200 Premium workstation
(WizMAC, Republic of Korea). For this purpose, the NCS@NF was tested
as a working electrode without any further fabrication, while a platinum
plate and Hg/HgO were used as the counter and reference electrode,
respectively. Electrochemical impedance spectroscopy (EIS) was per-
formed using the Ivium CompactStat.h instrument. The assembled
hybrid SC was also tested using similar instruments.

3. Results and discussion
3.1. Formation mechanism of Ni-Co-S on NF

In understanding the growth of the material, the CV of cleaned NF
was performed in the electrolyte consisting of Ni(NO3)3, Co(NO3)2, and
thiourea (Fig. 1a). During a negative bias scan from 0.5 to — 1.0 V, the
drastic decrease of current is followed by a steady plateau from — 0.1 to
— 0.34 V, which can be associated with the codeposition of Ni- and Co-
forming monolayers [15]. The electroreduction of nitrate ions initiates
the production of -OH™, and thiourea is reduced in the presence of -OH™
to generate s2-, Consequently, the co-precipitation of Ni-Co-S occurs on
the surface of NF. This phenomenon can be characterized by the
decrease of j from — 0.34 to — 2 V with a broad reduction peak at — 0.75
V [6,16]. Furthermore, a negative bias E < —1.0 V leads to the additional
reduction of water and the production of more -OH™, resulting in
increased cathodic current and further reduction of thiourea, thereby
promoting Ni-Co-S precipitation [16]. Chemical routes involved in the
deposition can be described as follows [6,15,16,25]:

NO3 + Hy0 + 2¢~ — NO; + 20H" @)
NO; + 6H,0 + 6~ — NHj + 8OH ™ 2
2H,0 + 2¢~ — 20H™ + H, 3)
SC(NHy); + 20H™ — S*~ + OC(NH,), + H,0 4
M?* 4 827 - MS; (M=Co, Ni) 5)

During the positive bias scan, a broad anodic peak centered around
0.12V was observed, which can be attributed to the oxidation of
unreacted Co and Ni species, as well as thiourea oxidation [16,26].

Underpotential reduction deposition (Er.q > —0.34 V) can reduce
metal species on NF, which could be avoided at a bias of E;eq < —0.34 V.
However, thiourea reduction in aqueous media at a steady lower bias of
Ereq < —1.0 V could continuously generate hydrogen bubbles on the NF
surface, thereby hindering the continuous electrodeposition of Ni-Co-S.
This issue might be addressed by applying a short reduction pulse of
lower bias Eyeq [15,16]. Given this advantage, several authors have



N.C. Maile et al.

(a)

Journal of Alloys and Compounds 967 (2023) 171845

10.0

Scan rate=
Oxidation

-6 T T

20 -15 -10 -05 00 05
E/N vs. SCE

Fig. 1. (a) CV of NF in the electrolyte consisting of 5 mM Ni(NO3)5, 10 mM Co(NO3),, and 0.1 M thiourea recorded at a v of 20 mV s71, and (b) Collective plot of E vs.

t and j vs. t for the first 10 consecutive RPP-ED cycles.

reported the electrodeposition of materials using a short reduction pulse
of lower bias E,¢q. Anuratha et al. used the bias pulse of E;eq = —1.2V
versus SCE for the codeposition of NiC0,S4 on the FTO surface [16]. Chou
et al. used E;eq = —1.24 V versus Ag/AgCl for Ni,CopS nanosheet on NF
[5]. Similarly, Chassaing et al. used Ereq = — 2.0 to — 3.0 V versus SCE
for the codeposition of Ni-Mo alloys [27]. Shinde et al. reported the
electrodeposition of FeoO3 on FTO using two electrode systems and used
reduction bias pulse of E;eq = —6 V versus platinum [17]. Based on the
abovementioned reports, a reduction bias pulse has been followed by an
oxidation bias pulse (Eyy), which is necessary to oxidize loosely bound
species that are created during the E,.q4 step. The CV (Fig. 1a) highlights
complete oxidation at the NF surface at Eoy > 0.6 V.

Here, for NCS@NF, a E,q of — 1.7 V was applied to NF for 2 s for Ni-
Co-S deposition, and a Eyy of 0.6 V was applied for 4 s to NF for the
removal of unreacted species, completing one RPP-ED cycle. This
method ensures the growth of Ni-Co-S on NF [Fig. S1]. In this way,
NCS@NF was synthesized at different RPP-ED cycles to obtain the
optimal electrochemical performance for SC electrode application. The
plot of observed j for the first 10 consecutive RPP-ED cycles is shown in
Fig. 1(b). Under the influence of E;eq = —1.7 V, the initial sharp decrease
in j may indicate a large amount of electroreduction at the working
electrode, which changes the precursor concentration. This phenome-
non is followed by the 3D growth of Ni-Co-S, as indicated by the gradual
increase and stabilization of j over time [28,29]. However, when
applying a reverse bias of Eox = 0.6 V, the sharp increase in j highlights
the oxidation of a large amount of unreacted species followed by the
gradual decrease and stabilization of j over time, indicating steady
oxidation reactions, which might be attributed to the continuous
dissolution of Ni-Co-S in the presence of excess thiourea [16,26].

3.2. Phase composition and morphological characterization of NCS@NF

Fig. 2 shows the surface morphology of Al, A2, A3, and A4. All
samples exhibit random distribution of flakes with different porous
morphologies. At E,.q4, the bulk reduction of thiourea and water gener-
ates nucleation sites all over the NF surface. The applied short duration
of E;q avoids mass transfer at the nucleation sites for the growth of
material. Using each Eqx pulse, loosely bound species can be oxidized.
Consequently, in each repetitive RPP-ED cycle, the 3D bulk growth is
avoided, and nucleation sites grow slowly to form a randomly oriented
flake structure all over the surface [5,30,31]. For 100 (Fig. 2 [a, b]) and
200 (Fig. 2 [c, d]) RPP-ED cycles, the uniform growth of nanoflakes with
random distribution is observed in Al and A2, respectively. Pores in A2
are more visible compared with those in Al. This growth continued for
300 RPP-ED cycles (Fig. 2 [e, f]). Compared with A2, A3 shows a higher

density of flakes and void pores. Further growth is observed for 400
RPP-ED cycles (Fig. 2f). For A4, the agglomeration of nanoflakes forms
bulk centers, which are distributed randomly on the surface (Fig. 2g). A
close view (Fig. 2h) shows that these bulk centers consist of inter-
connected thick flakes covering. This overgrowth causes distinct cracks
on the A4 surface (Fig. 2g). Surface analysis shows that A2 and A3 have
firm growth and uniform porous structure, which can promote the easy
diffusion of electrolyte ions [24].

Sharp XRD peaks observed at 26 of 44.59°, 51.84°, and 76.37° in A1,
A2, A3, and A4 (Fig. 3a) result from conducting NF [24]. Samples do not
show any other peaks, indicating poor crystallinity in NCS@NF. Previ-
ously, Li et al. reported room temperature synthesis of amorphous nickel
cobalt sulfide nanoparticles [11]. For confirmation, the Raman spectrum
of A3 were recorded (Fig. 3b). The spectrum showed different scattering
peaks for different Raman active modes, which are similar to those
observed for NiCo2S4 [32,33]. The stretching and bending of S-Niea-S
can be represented by A; ¢(385 cm_l) and E¢(238 cm_l) modes. Other
peaks such as 150, 305, and 347 cem ™! can be three T, ¢ modes of
asymmetric bending of S-Niter,-S [33]. The peak observed at 527 cm 2
can be associated with the T, ; mode, as laser heating can easily oxidize
metal sulfides [32-34].

Furthermore, XPS analysis of A3 was performed. The XPS core level
spectrum (Fig. 3c) shows distinct peaks for S, O, Co, and Ni. The
deconvolution of the Ni 2p orbital (Fig. 3[d]) indicates the presence of
2" and 3" oxidation states of Ni. The peak observed at 874.9 eV in 2 py /2
and 857.6 eV in 2 P3, can be associated with Ni®*; however, the peak
observed at 873.2 eV in 2 p; 5 and 855.8 eV in 2 P3,, can be associated
with Ni* [35,36]. Similarly, the deconvolution of the Co 2p orbital
indicates the presence of 2" and 3" oxidation states of Co. The peak
observed at 798.2 eV at 2 py /2 and 783.6 eV at 2 p3/, can be associated
with Co?*; however, the peak observed at 796.7 at 2 p; 2 and 781.3 eV
at 2 p3/, can be associated with Co’t [20,35]. The deconvolution of the
S 2p orbital shows peaks at 163.3 and 161.8 eV, which can be associated
with 2 py /2 and 2 ps» orbital highlighting the presence of $2~ [20]. The
peak at 169.8 eV is due to adsorbed oxygen leading to SO~ [37]. The
deconvolution of the O 1 s orbital shows the presence of peaks at 533.0
and 531.4 eV, which is mostly associated with O from adsorbed water
and low coordinated defect sites. The results from Raman scattering and
XPS indicate that hydrous Ni-Co-S was formed on NF with abundant
active sites consisting of Ni*, Co?*, Ni*>*, and Co>" can be confirmed by
SEM [20,24,38]. The EDS spectrum of A3 was recorded to study the
distribution of elements. Similar to XPS, EDS showed (Fig. 3[h]) the
presence of S, O, Co, and Ni. An increased atomic percentage of Ni and O
elements can be attributed to the creation of a hygroscopic thin film of
Ni-Co-S on the surface of the NF [16]. Furthermore, elemental mapping
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Fig. 2. FE-SEM image of Al (a-b), A2 (c-d), A3 (e-f), and A4 (g-h).
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Fig. 3. (a) XRD patterns of A1, A2, A3, and A4, (b) Raman spectrum of A3, and (c) XPS survey spectrum of A3. Deconvoluted high-resolution XPS curves for Ni 2p(d),
Co 2p(e), S 2p(f), and O 1 s(g) orbitals, and (h) EDS spectrum of A3 (inset: element atomic %). Elemental mapping images of A3 for Ni(i), Co(j), S(k), and O(1).

images (Fig. 3 [i-1]) show a uniform distribution of elements.

3.3. Electrochemical performance of NCS@NF

3.3.1. CV performance

First, the electrochemical performance of the prepared NCS@NF was
tested in 2 M KOH. The obtained CV plots of A1, A2, A3, and A4 per-
formed at a scan rate () of 20 mV s~ are shown in Fig. 4a. All CV
profiles show a broad oxidation and reduction peak in the E range from
— 0.1-0.6 V, indicating the presence of reversible redox electrochemical
reactions at the electrode [9,34]. The area under the CV curve highlights
the electrochemical charge storage performance of NCS@NF. With the
increase of RPP-ED cycles from 100 to 400 (Fig. 4a), the area under CV
and peak intensity increased up to 300 RPP-ED cycles and thereafter
decreased for 400 RPP-ED cycles. Based on FE-SEM, the growth of
porous nanoflakes with an increased mass loading of NCS@NF with each
RPP-ED cycle developed abundant active sites for faradaic transitions,
resulting in increased performance. However, overgrowth at 400
RPP-ED cycles might introduce bulk resistance to the electrode. The
FE-SEM image of A4 shows that the voids are covered with overgrown
nanoflakes, which could effectively reduce active sites and restricts
electrolyte ionic diffusion at NCS@NF, thereby reducing its perfor-
mance. Fig. 4b shows the CV curves of A3 obtained for different v. All the
CV curves show broad oxidation and reduction peaks, which result from
cumulated redox reactions at NCS@NF [9,34]. Moreover, as v increases,
the oxidation and reduction peak of CV shift toward high and low ends
of E, respectively. This electrode polarization is due to the change in
internal resistance under the influence of applied v [38,39]. During CV,
the stored and retrieved current (j) under the influence of v at given E

can be divided into two components, namely, surface-induced current
(jsurf  v) and diffusion-induced current (jgiff o< vV 2), as given by j*(E)
= jéurt(E) + jaie(E) [15,38]. Here, the jg,f component represents kineti-
cally faster reactions, which consist of non-faradic reactions via elec-
trostatic adsorption and faster reversible faradic reactions occurring at
the electrode surface caused by the easy access of active sites for elec-
trochemical interactions. Meanwhile, the jgiff component is due to the
diffusion of electrolyte ions toward active sites present at voids and
nanoflakes, followed by faradic reactions at these active sites. Linear
fitting between jjear and \/ v (inset of Fig. 4b) highlights that most charge
storage occurring at active sites of NCS@NF nanoflakes is due to the
diffusion and subsequent faradic interaction of electrolyte ions. The plot
of CV associated with j*(E) and j%¢(E) at v = 20 mV s ! (Fig. 4c) shows
that most of the surface currents are generated at all regions of CV,
except for the extensive oxidation and reduction peak area where
diffusion reactions predominantly govern the processes. Evidently, the
contribution of Jg,s also varies with v. The contribution of Jg¢ in CV
increases with the increase of v (inset of Fig. 4c¢) [40]. Low v essentially
provides enough time for settling and diffusion of electrolyte ions at
Ni-Co-S nanoflakes. This is essential for diffusion-based faradic transi-
tions. With increasing v, ions do not get enough time to settle; thus,
active sites from the surface participate more in charge storage [15]. The
CV of A1, A2, and A4 at different v also show similar charge-discharge
behavior (Fig. S2[a—c]). The areal capacity (Qcy) of individual NCS@NF
was estimated by analyzing the CV curves. The value of Q., was esti-
mated by using the following relation [41]:

O = (JIAE)(2xVxA)...(C cm™?) 6)

where [IdE is the integral area under the CV, and A is the geometrical
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Fig. 4. (a) CV curves of A1, A2, A3, and A4 recorded at v = 20 mV s~1, (b) CV curves of A3 at different v [inset: plot of jpeax Vs. v 1721 (¢) Plots of recorded CV curve
and CV curve associated with capacitive contribution in A3, (d) Plots of estimated Q. at different v for Al, A2, A3, and A4, (e) GCD curves of A1, A2, A3, and A4
recorded at j = 0.5 mA cm 2, (f) GCD curves of A3 at different Jj> (g) Plots of estimated Qgq at different j for A1, A2, A3, and A4, (h) Nyquist plots of Al, A2, A3, and

A4, and (i) High-frequency region of Nyquist plots of Al, A2, A3, and A4.

surface area of NCS@NF under testing. The plot of Q. vs. v (Fig. 4[d])
clearly illustrates that A3 exhibits the highest capacity across all v
values. It exhibited a maximum of 0.53Ccm ' (530 C g’l) at
v =5mV s 1. Overgrowth in A4 might reduce the electronic conduc-
tivity of NCS@NF and ionic diffusion pathways at active sites, resulting
in a comparatively lower areal capacity rate performance.

3.3.2. GCD and EIS performance
All electrodes were subjected to GCD at different values of j from 0.5
to 40 mA cm™2. The E-t curve obtained for Al, A2 A3, and A4 at

j=05mAcm™2 (Fig. 4e) showed battery-like nonlinear char-
ging-discharging behavior of NCS@NF in 2 M KOH. This typical process
involves an initial enhancement in potential caused by fast surface
charging at the electrode, followed by a potential plateau caused by slow
diffusion-controlled faradaic charging, with similar discharging
behavior [15,24]. Symmetry across charging and discharging GCD
profiles indicates the good electrochemical reversibility of NCS@NF [15,
42]. A remarkable performance of NCS@NF prepared for 300 RPP-ED
cycles is shown by A3, which reaches the maximum charge-discharge
time. At different j values, the electrochemical reversibility performance
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of A3 is retained (Fig. 4f). Similarly, Al, A2, and A4 also exhibited
similar charge-discharge behavior (Fig. S2 [d-f]). The areal capacity
(Qgca) of an individual electrode can be estimated by analyzing GCD
curves using the following relation [43].

Quca=Q2i [EAD/(AEXA)...(C cm ™) %)

where i is the discharge current, [Edt is the integral area under the
discharge GCD curve, dt is the discharge time, and AE is a potential
window. The plot of Qgq at different j (Fig. 4g) shows that A3 has the
maximum capacity compared with A1, A2, and A4 at all j values. Similar
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to the observed rate performance in Q. at different v, A4 shows the
lowest areal capacity rate performance in Qg.4. Here, A3 shows a
maximum Qgq of 0.59Cem > (590Cg '/163mAhg™) at
j=0.5mA cm 2. This maximum Qgcd of NCS@NF is higher than that of
some previously reported Ni- and Co-sulfide-based SC electrodes [10,13,
41,44-49].

In studying the electrochemical properties, EIS analysis was per-
formed on NCS@NF in the frequency range of 107! to 10° Hz. The
Nyquist plots of Al, A2, A3, and A4 are shown in Fig. 4h. All plots
exhibit a pseudo-semicircle at the high-frequency region (Fig. 4i) and a
straight line at the low-frequency region. The intercept of the curves on
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Fig. 5. (a) CV curve of A3 in 2 M KOH and 2 M KOH + 0.1 M K4[Fe(CN)e] at 20 mV s’l, (b) CV curve of A3 at different v in 2 M KOH + 0.1 M K4[Fe(CN)g], (c) GCD
curves of A3 in 2 M KOH and 2 M KOH + 0.1 M K4[Fe(CN)g] at 4 mA cm ™2, (d) GCD curves of A3 at different j in 2 M KOH + 0.1 M K4[Fe(CN)g], (e) Plot of the

estimated Q. for A3 at different v in 2 M KOH and 2 M KOH + 0.1 M K4[Fe(CN)g

1, () Plots of the estimated Qg4 for A3 at different j in 2 M KOH and 2 M KOH

+ 0.1 M K4[Fe(CN)e], and (g) Plot of the estimated Qgcq for A3 at 40 mA cm 2 in 2 M KOH + 0.1 M K4[Fe(CN)g] electrolyte for 10,000 successive cycles (inset: the

initial[i] and final[ii] three consecutive GCD cycles).
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the Z'-axis gives the value of the electrical impedance of electrode
exhibited during charging and discharging in the electrolyte, which is
referred to as solution resistance (Ry) (Fig. S3 [c, g, k, and o]). However,
the diameter in the high-frequency region can be observed because of
electrolyte ionic diffusion, which is known as diffusion resistance (R).
The simulation of EIS curves with equivalent circuit (inset of Fig. S3 [a,
e, i, and m]) estimated the Ry value of Al, A2, A3, and A4 as 0.71, 0.76,
0.74, and 0.79 Q, respectively[24,50]. Increasing RPP-ED cycles from
100 to 300, the R value of NCS@NF increased except at 300 RPP-ED
cycle. This result indicates that more conducting pathways are gener-
ated in A3 because of the uniform porous distribution of nanoflakes
[15]. Similarly, the R, value of A1, A2, A3, and A4 is estimated as 0.51,
0.14, 0.11, and 0.16 Q respectively. The lowest R of A3 suggests that
short ionic diffusion pathways are developed at Ni-Co-S nanoflakes for
effective charge-transfer interactions of electrolyte ions [24]. The Bode
plots are also supporting the results (Fig. S3 [d, h,l, and p]).

3.4. Effect of the addition of electroactive species K4(Fe(CN)g)

The enhancement in the electrochemical storage can be achieved by
the addition of a redox additive to the electrolyte [22,51]. During the
charge-discharge process, additional electrons can be transferred be-
tween the electrode and redox species, thereby improving the overall
charge-storage efficiency of the device [22]. In this study, the addition of
0.1 M K4(Fe(CN)g) to 2 M KOH significantly enhanced the integrated
area of CV curve of A3 recorded at 20 mV s~ (Fig. 5a). The presence of
K4(Fe(CN)g) provided additional electrons to Ni-Co-S nanoflakes by
undergoing redox transformation [22,52].

[Fe(I)(CN)g]*~ < [Fe(III)(CN)6]>~ +e~ 8)

At different v, the CV curves of A3 in the modified electrolyte show a
broad oxidation and reduction peak, with peak j increasing with the
increase of v (Fig. 5b). Therefore, the faradic reaction of K4(Fe(CN)g) is
reversible at NCS@NF. During GCD measurement of A3 at
j =4 mA cm™2 (Fig. 5¢), a significant enhancement in charge—discharge
time is observed because of the addition of 0.1 M K4[Fe(CN)¢] in 2 M
KOH. The symmetry across the charge-discharge profile of A3 is
consistent at different j in the modified electrolyte (Fig. 5d). Therefore,
the diffusion of [Fe(CN)6]4_/ 3~ at Ni-Co-S nanoflakes is followed by
reversible faradic interactions, enabling an additional electron transfer,
and these interactions might be non-destructive to NCS@NF. Calcula-
tions showed that the increment in Q. is significantly high in the
modified electrolyte at different values of v ranging from 5 to 40 mV s+
(Fig. 5e). The CV studies estimated the maximum Q. of 1.31 C cm 2
(1310C g’l) at5mV s ! caused by the presence of 0.1 M K4[Fe(CN)gl,
which is significantly higher than the maximum 0.53 C cm 2
(530Cg™1) in 2M KOH at the same v. Similarly, a significant
enhancement in Qgcq was observed at different j values ranging from 4 to
40 mA cm~? in the modified electrolyte (Fig. 5f). The GCD studies
estimated the maximum Qg of 2.56 C ecm™? (2560 C g’l) in the
modified electrolyte at j=4mAcm 2, which is higher than
0.45 F cm ™2 (450 C g7 1) in 2 M KOH at the same j. The stability of A3 in
the modified electrolyte was performed by continuous GCD cycling at
40 mA cm 2. The plot of estimated Qgcq at continuous GCD cycles is
shown in Fig. 5g. After 10,000 cycles, 81% of the initial Qgcq Was sus-
tained, indicating the good cyclic performance of NCS@NF in the
modified electrolyte. The inset shows the initial (Fig. 5g[i]) and final
(Fig. 5glii]) three consecutive GCD cycles. The GCD curves maintained
their charge-discharge profile after the cyclic run.

3.5. Electrochemical performance of hybrid SC

Given its enhanced performance in the presence of K4[Fe(CN)¢] in
KOH, a hybrid SCIAC@NF//NCS@NF] was assembled using AC@NF as
the negative electrode and A3 as the positive electrode in a modified
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electrolyte consisting of 0.1 M K4[Fe(CN)g] and 2 M KOH. The plots of
CVs recorded at v = 40 mV s ! in the modified electrolyte are shown in
Fig. 6a, which demonstrates the electrochemical storage of AC@NF in
the potential range of — 1.0 to — 0.1 V versus Hg/HgO, as well as A3 in
the potential range of — 0.2-0.65 V versus Hg/HgO. Based on the CV, the
electrochemical storage of AC@NF and NCS@NF resembled with EDLC
and battery-like behavior. The resulting CV of AC@NF//NCS@NF was
near-rectangular, exhibiting pseudocapacitive behavior at different po-
tential windows (Fig. 6b). Based on the CV, the potential window of
1.5V is best suited for further electrochemical studies. This near-
rectangular pseudocapacitive CV behavior of AC@NF//NCS@NF is
sustained at different v values from 5 to 100 mV s~ ', with j increasing
with the increase of v (Fig. 6¢). This finding indicates the high revers-
ibility and excellent performance of AC@NF//NCS@NF. In addition, the
GCD of AC@NF//NCS@NF was performed at different j ranging from 1
to 10 mA cm ™2, showing nearly linear charge-discharge behavior and
highlighting pseudocapacitive GCD behavior similar to CV (Fig. 6d).
Egs. 6 and 7 were used to estimate Q from CV and GCD. Given the
pseudocapacitive behavior of the SC, the areal capacitance was esti-
mated using the following relation:

Ca=Q/AE(F cm™?) 9

The areal energy (E5) and power (Pp) densities can be estimated from
Ca [38].

_ 1 Ca(AE)

1 CA(AL) -2
=3 3600 (thm) (10)

Ex

Ex -
Pa=11% 3600(W cm™?) an

The maximum estimated Q.y is 165 mC cm ! (Ca=110 mF ecm2) at
5mV s~ L. For 100 mV s’l, Qv is sustained as 89 mC cm ™2 (Ca=59 mF
cm’z) as shown in Fig. 6(e). The maximum estimated Qg4 from GCD
was 158 mC cm ! (Ca=105 mF cm’z) at 1 mA cm 2. For 10 mA cm’z,
Qgcd is sustained at 72 mC cm ! (CA=48 mF cm’z) as shown in Fig. 6(f).
The maximum Ep of 33 pyWh cm™? is estimated at 1 mA cm ™2, and the
maximum P of 6019 uW cm 2 is estimated at 10 mA cm™2, which is
higher than that previously reported [53-57] as shown in Fig. 6(g). The
stability of AC@NF//NCS@NF was tested by continuous GCD cycling at
j=6mA cm 2. After 10,000 cycles, 89% of the initial Qgcq is retained
(Fig. 6h). The inset of Fig. 6h shows the initial and final three consec-
utive GCD cycles. The shape of the cycles is sustained after 10,000
cycles.

4. Conclusion

The binder-free synthesis of Ni-Co-S nanoflakes on NF was achieved
by RPP-ED method. Different NCS@NF electrodes were prepared by
repeating RPP-ED cycles for 100, 200, 300, and 400 cycles. Uniform
mesoporous interconnected nanoflakes prepared at 300 RPP-ED cycles
exhibited a maximum areal capacity of 0.590 C cm ™2 (590 Cg~ 1) in2 M
KOH. Further increasing the areal capacity up to 2.56 Ccm™2
(2560 C g’l) was achieved by the addition of 0.1 M of K4(CN)e. A
remarkable stability of 80% over 10,000 GCD cycles shows the advan-
tage of RPP-ED for the binder-free synthesis of NCS@NF caused by
improved ionic diffusion at interconnected nanoflakes. Furthermore, the
aqueous hybrid SC (AC@NF//NCS@NF) showed an improved char-
ge—discharge potential of 1.5 V with a maximum areal capacity of 165
mC em ™! (Cy = 110 mF cm™2) and maximum areal energy and power
density of 33 pWh cm ™2 and 6019 pW cm 2, respectively, making it
suitable for hybrid SC application.
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